This study reports a mass budget analysis on the year-to-year variability of the winter [December-February (DJF)]-mean Arctic (608-908N) surface pressure (Ps) using the 33-yr daily Interim ECMWF Re-Analysis (ERA-Interim; 1979 -2011 . The analysis reveals that the interannual variability of mass transported into the Arctic region in upper layers plays a dominant role in the interannual variability of the winter-mean Arctic Ps anomalies. When winter-mean Arctic Ps anomalies are positive, both the transport of mass into the Arctic region in the upper layer by the poleward branch of meridional mass circulation and the transport of mass out of the Arctic region in the lower layer by the equatorward branch tend to strengthen and vice versa. In the earlier winter months from November to December, mass anomalies transported in overwhelm those transported out, explaining the mass source of winter-mean Arctic Ps anomalies. The coupling between adiabatic mass transport by meridional mass circulation and diabatic processes explains why, over the Arctic region, yearly variations of winter Ps are positively correlated with mass anomalies in the upper layer (above 290 K) and near the surface (below 260 K) but negatively correlated with mass anomalies in the middle and lower troposphere (between 260 and 290 K). In winters with positive (negative) Arctic Ps anomalies, wave activity, particularly in wavenumbers 1 and 2, is stronger (weaker) in the extratropical stratosphere in the earlier winter months from November to January, coincident with the interannual variability of the meridional mass circulation intensity in winter seasons.
Introduction
Climate variability of Arctic surface pressure (Ps) is intimately related to the leading recurrent oscillation modes in the northern extratropics, namely the Arctic Oscillation/North Atlantic Oscillation (AO/NAO) (Kuroda 2005 ) and the northern annular mode (NAM) (Lorenz 1951; Kodera et al. 1990 ; Thompson and Wallace 1998; Baldwin and Dunkerton 1999; . The positive (negative) phase of AO/NAM is characterized with a decrease (increase) in polar Ps surrounded by an increase (decrease) in Ps along the midlatitude belt. Those leading oscillation modes are closely linked to extreme temperature events, storms, and other anomalous weather or climate phenomena in the extratropics (Balling and Lawson 1982; Thompson and Wallace 1998; Thompson and Wallace 2001; Moritz et al. 2002) . Therefore, variations of the Arctic Ps are important indicators of changes in the extratropical large-scale circulation and their related climate anomalies.
When considering changes of Arctic Ps, one would think that mass changes in the troposphere would play a leading role because most of the air mass resides in the troposphere. At intraseasonal time scales, the AO (and thereby polar Ps) is related to the Madden-Julian oscillation (MJO) via modulations of the extratropical atmospheric circulation by MJO-induced anomalous convection activities over the Indian Ocean (Miller et al. 2003; Zhou and Miller 2005; L'Heureux and Higgins 2008) . The long-term trend of the AO has been attributed to anthropogenic radiative forcing as evident by a positive trend during 1950-2000 (Walsh et al. 1996; Gillett et al. 2002 Gillett et al. , 2003 Gillett et al. , 2005 , although the positive trend appears to reverse in the last decade (Overland and Wang 2005; L'Heureux et al. 2010) . Both observational and modeling studies indicate the important role of stratospheric processes in leading to climate variations of the AO and Arctic Ps. For instance, oscillations of stratospheric polar vortex (Black 2002) and polar night jet (Kuroda and Kodera 2004 ) are related to the surface circulation anomalies in the extratropics at intraseasonal time scales. A systematic downward propagation of geopotential height and zonal wind anomalies in the polar stratosphere was found during the NAM events (Kodera et al. 1990; Baldwin and Dunkerton 1999; Waugh et al. 1999; Baldwin and Dunkerton 2001; Thompson et al. 2002; Sigmond et al. 2003; Limpasuvan et al. 2004 ). The observed long-term trend of Arctic Ps (and AO) was only captured in climate models that resolve stratospheric dynamics (Shindell et al. 1999) .
One mechanism for the downward propagation of stratospheric anomalies is the interaction between the upward-propagating planetary waves and zonal-mean flow (Charney and Drazin 1961; Matsuno 1970; Hines 1974b; Holton and Mass 1976; Kodera et al. 1996) . Another possible mechanism is that the upward-propagating planetary waves that themselves drive the stratosphere can be reflected downward, hence modifying the planetary wave activity in the troposphere (Hines 1974a; Sato 1974; Geller and Alpert 1980; Perlwitz and Harnik 2003) . Cai and Ren (2007) and Ren and Cai (2008) found that there exists simultaneous poleward and downward propagation of circulation anomalies of both signs in the stratosphere. The poleward propagation in the upper stratosphere tends to lead that in the lower stratosphere. Such delayed poleward propagation in lower levels implies a downward propagation accompanied with poleward propagation in the stratosphere [see Figs. 2 and 3 in Ren and Cai (2007) ]. Cai and Ren (2007) proposed that the simultaneous poleward and downward propagation in the stratosphere and the equatorward propagation in the troposphere are associated with variations of meridional mass circulation. The polewardpropagating positive (negative) stratospheric temperature anomalies are associated with a stronger (weaker) warm-air branch of the meridional mass circulation. The variability of the compensating cold-air branch lags that of the warm-air branch, causing the equatorwardpropagating negative (positive) tropospheric temperature anomalies following the arrival of the poleward positive (negative) temperature anomalies in the polar stratosphere. Besides the out-of-phase relationship between the stratospheric and tropospheric temperature anomalies in the polar region, an in-phase relation between mass anomalies in the stratosphere and surface pressure anomalies is also documented. This explains the seemingly ''barotropic structure'' of geopotential height anomalies of both signs during NAM events, namely, a stratospheric cold low anomaly above a surface warm low anomaly or a stratospheric warm high anomaly above a surface cold high anomaly over the Arctic region.
In this study, we wish to provide a quantitative estimation of contributions of interannual mass changes in the stratosphere and troposphere to the interannual variability of Arctic Ps in the winter season through a quantitative mass budget analysis associated with variability of meridional mass circulation. The primary scientific questions that we attempt to address include the following: What is the relationship between the yearly changes of polar Ps and those of the air mass in each isentropic layer from the troposphere to the stratosphere in winter? How is the mass budget over the polar region modulated by the overturning meridional mass circulation in the troposphere and stratosphere? The answers to these questions would help further advance our understanding of the stratosphere-troposphere coupling as well as its effects on the year-to-year variability of Arctic Ps.
Data and methodology

a. Data
The data used in this study include daily surface pressure, temperature, and wind, and three-dimensional wind, temperature, and geopotential height fields from Interim European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERAInterim) data covering the period from 1 January 1979 to 31 December 2011 (Dee et al. 2011) . The data fields are on 1.58 latitude 3 1.58 longitude grids and at 37 pressure levels spanning from 1000 to 1 hPa.
The winter means are defined as averages from December to February (DJF). The climatological-mean fields were obtained by averaging the winter-mean data across all years from 1979 to 2011. The year-to-year anomalies in winter seasons are obtained straightforwardly by removing the climatological winter means from the yearly DJF means of total fields. Unless specified otherwise, we below refer them simply as ''anomalies'' without referencing ''in winter.'' In particular, we refer temporal and area-weighted spatial mean of surface pressure anomalies over the Arctic region (608-908N) and in each winter season simply as ''polar Ps anomalies.'' The index of polar Ps anomalies measures the interannual variability of the total air mass above the polar circle in winter seasons.
b. Isentropic mass and mass flux calculation
Following Pauluis et al. (2008 Pauluis et al. ( , 2010 , we have interpolated all the data fields onto 200 equally spaced sigma levels from 1 to 0. The air mass dm s in each grid cube between two adjacent sigma surfaces was calculated based on
where Ps is in pascals, g is the gravitational acceleration, and ds 5 1/200. We then derived the air mass m between adjacent isentropic surfaces (Q n and Q n11 ) in each grid point on daily basis according to
where Y(x, x 1 , x 2 ) 5 1 when (x 1 # x , x 2 ) and otherwise Y(x, x 1 , x 2 ) 5 0. In Eq. (2), u(l, f, s, t) is potential temperature derived from 3D air temperature field; Q n is equal to u min (l, f, t) or one of the 15 preselected potential temperature surfaces that is above u min (l, f, t), whereas Q n11 is the one of the 15 preselected potential temperature surfaces that is just above Q n or u max (u max . 1200 K). We note that u min (l, f, t) is defined as the minimum value of u(l, f, s, t), which is always equal to the surface potential temperature except when there exists a superadiabatic layer near the surface in which the mass in the superadiabatic layer is placed in the layer above u min (l, f, t). The 15 preselected isentropic surfaces are 260, 270, 280, 290, 300, 315, 330, 350, 370, 400, 450, 550, 650, 850 , and 1200 K. The layer between u min (l, f, t) and 260 K is labeled as the 250-K layer.
The zonal-integrated mass [m] is obtained by integrating the isentropic air mass along each latitude belt. Similarly, the meridional mass flux and the vertical mass flux due to diabatic heating/cooling between two adjacent sigma surfaces in each grid cube are respectively ydm and _ udm, where _ u represents the total diabatic heating, which is calculated from 3D temperature, wind, and vertical motion fields. The meridional mass flux F ad between two adjacent isentropic surfaces and the massweighted mean diabatic mass flux F d across each isentropic surface are derived as follows:
where Q n21/2 is defined as the half isentropic level between Q n21 and Q n . Then we integrated adiabatic and diabatic mass fluxes along each latitude belt and obtained the zonal-integrated adiabatic and diabatic mass flux fields, respectively denoted [F ad Shin (2012) to obtain a self-consistent mass budget on daily basis that approximately meets the following constraints:
Equation (5) requires that the mass tendency in isentropic tube along latitude is equal to the adiabatic and diabatic mass flux convergence. Equation (6) requires no net mass loss or gain due to adiabatic mass transport in an isentropic layer globally whereas Eq. (7) is the condition that no diabatic mass flux into an atmospheric column from the surface and from the top of the atmosphere. After adjustment, the imbalance of Eq. (5) is reduced to be about 1 /10 of the absolute value of the mass tendency in isentropic tube, and residuals of Eqs. (6) and (7) are reduced to be several orders of magnitude smaller than before adjustment. Obviously, positive (negative) vertical mass fluxes indicate upward (downward) mass fluxes across the isentropic surface, while positive (negative) meridional mass fluxes stand for poleward (equatorward) mass fluxes between two adjacent isentropic surfaces in the Northern Hemisphere. Combining the vertical and the meridional mass flux fields, we obtained the latitudevertical distribution of isentropic meridional mass circulation. We also calculated the mass streamfunction by summing [F ad ] from the top to an isentropic surface, measuring the total air mass transport crossing a latitude circle above that isentropic surface. Positive (negative) values represent a clockwise (anticlockwise) circulation.
Vertical structure of mass anomalies associated with interannual variability of polar Ps
The climatological-mean potential temperature near the thermal tropopause (Reichler et al. 2003) over the Arctic winter (DJF) is about 307 K. Based on that, we consider the polar air mass in isentropic layers below 315 K as the tropospheric air mass, and that above 315 K as the stratospheric air mass. On average, the DJF-mean column mass over the winter polar cap is about 32.5 3 10 16 kg, and more than 70% (24 3 10 16 kg) of it resides in the troposphere (below 315 K). However, the year-toyear variance of DJF-mean stratospheric mass (4.84 3 10 30 kg 2 ) is slightly larger than that (3.88 3 10 30 kg 2 ) of tropospheric mass, as shown in Table 1 . This implies that interannual changes in the stratospheric mass could play an important role in the interannual variability of total column mass or Ps in the Arctic winter, although tropospheric mass accounts for most of the column mass. It is noteworthy that the air mass in the troposphere and in the stratosphere over the Arctic region has a large negative year-to-year covariance (23.87 3 10 30 kg 2 ), indicating a large cancellation of air mass anomalies between the two layers. Such out-of-phase relation between mass changes in the stratosphere and that in the troposphere also implies that one of them is positively correlated with the yearly variation of Arctic Ps in winter and the other is negatively correlated.
Year-to-year variations of winter-mean polar Ps anomalies exhibit a noticeable interdecadal variability with positive anomalies dominant in 1979-88 and 2001-11 and negative anomalies in 1989-2000, but without any significant linear trend during the period of 1979-2011 (Fig. 1) . The yearly standard deviation of the polar Ps anomalies is about 2.83 hPa. The dashed curve in Fig. 1 is the DJF-mean AO index defined as the standardized principal component of EOF1 of DJF-mean geopotential height anomalies at 1000 hPa over the domain 208-908N in the period of 1979-2011 derived from the ERA-Interim dataset. The interannual variations of winter-mean AO index coincide well with polar Ps anomalies with a statistically significant correlation of 0.947, suggesting that polar Ps anomalies discussed in this paper represent the interannual variability of the winter AO.
We applied regression analysis to delineate mass contributions to interannual variations of winter-mean polar Ps anomalies from individual layers. The main features seen from the regressions of isentropic mass anomalies over the Arctic region against polar Ps anomalies (Fig. 2 ) are (i) mass anomalies in the middle and upper stratosphere (i.e., above 350 K) and in the upper troposphere (between 290 and 315 K) have significant positive correlations with polar Ps anomalies; (ii) mass anomalies in the lower and middle troposphere (i.e., 260-290 K) have significant negative correlations; (iii) mass anomalies in the lower stratosphere (between 315 and 350 K) have very weak correlation; and (iv) mass anomalies near the surface (i.e., below 260 K) have large positive, although not statistically significant, correlations. To confirm the linear regression results in Fig. 2 , we show in Fig. 3a the composite means of isentropic mass anomalies for the years when polar Ps anomalies are above 0.5 standard deviations (i.e., red bars in Fig. 1 ), and in Fig. 3b for the years below 20.5 standard deviations (i.e., blue bars in Fig. 1 ). The patterns in Figs. 3a and 3b are almost opposite, both confirming the regression results shown in Fig. 2 . It is worthwhile to point out that the much smaller values of the composite-mean mass anomalies in layers from 315 to 350 K shown in Fig. 3 do not imply a weaker mass variability in that layer but merely the lack of correlations between the mass anomalies in this layer and the DJFmean polar Ps anomalies.
According to the regression and composite analyses, we divide the polar column mass into four layers: the layers above 315 K, between 290 and 315 K, between 260 and 290 K, and below 260 K, loosely representing, respectively, the stratospheric layer, the upper tropospheric layer, the lower and middle tropospheric layer, and the surface layer. Plotted in Fig. 4 are scatter diagrams of normalized mass anomalies in each of the four layers (ordinate) against normalized polar Ps anomalies (abscissa). The linear regression lines shown in Fig. 4 indicate that the main features in the vertical structure of mass anomalies remain unchanged after dividing them into four layers. Among the 18 years when polar Ps anomalies are above 0.5 standard deviations or below 20.5 standard deviations, there are 11 years when mass anomalies in the layer above 315 K have an in-phase contribution to Ps anomalies (red points in Fig. 4a ). The probability of the in-phase contribution from the 290-315-K layer (red points in Fig. 4b ) during largeamplitude events is slightly higher, 12 out of 18 years, although in 2 of the 12 years (1983 and 1985) the inphase contribution is quite weak. The highest probability (15/18) is found for the out-of-phase contribution to polar Ps anomalies from the 260-290-K layer in years when the amplitude of polar Ps anomalies exceeds 0.5 standard deviations (blue points in Fig. 4c ). In the surface layer (Fig. 4d) where the in-phase relation is not statistically significant, the probability of the in-phase relation during large-amplitude events is only 9 out of 18 years. Figure 4 also suggests that the condition of in-phase contribution from mass anomalies in layers both above 315 K and 290-315 K as well as out-of-phase contribution from mass anomalies in 260-290 K only happens in 7 out of the 18 years of large-amplitude events of polar Ps anomalies. The condition of in-phase contributions from 290-315 K together with out-of-phase contributions from 260-290 K is found in 10 out of the 18 years. However, the condition of coexistence of in-phase contributions from above 315 K and out-of-phase contributions from 260-290 K occurs in most years (14 out of the 18 years). This suggests that the out-of-phase relation between mass anomalies in the stratosphere and those in the middle and lower troposphere is more robust.
Interannual variability of winter meridional mass circulation
In the previous section, we have attributed interannual variations of winter-mean polar Ps anomalies to mass anomalies in individual layers. After all, polar Ps anomalies are ultimately caused by net mass anomalies transported into the polar region while mass anomalies in individual layers are determined by the variability in both meridional mass transport and mass exchanges between layers due to diabatic processes. In this section, we examine the interannual variability of the meridional mass circulation in winter and quantitatively account its contributions to polar Ps anomalies and the vertical pattern of mass anomalies. The isentropic meridional mass circulation has been documented using daily data (e.g., Johnson 1989; Cai and Shin 2014) and climatological monthly-mean meridional mass fluxes (Czaja and Marshall 2006; Pauluis et al. 2008 Pauluis et al. , 2010 1 The residual circulation analysis does not provide quantitative information on mass accumulation or depletion in an atmospheric column due to meridional mass transport because the residual circulation is nondivergent by definition, although one can qualitatively relate the residual circulation intensity variation to the annular mode variability as well as polar Ps anomalies [see Haynes (2005) , and references therein].
derived the daily-mean fields of mass streamfunction and zonal-integrated adiabatic and diabatic mass fluxes extended to higher isentropic surface (up to 1200 K) from 1979 to 2011 using the ERA-Interim dataset. Similar to the previous studies, the winter (DJF) climatologicalmean fields (Fig. 5) show a meridional overturning mass circulation consisting of a poleward branch (or warm branch) in upper layers and an equatorward branch (or cold branch) in lower layers and diabatic upward mass fluxes in the tropics and downward fluxes in high latitudes. Embedded in the hemispheric cell are three subcells, representing the tropical Hadley cell, a thermally direct circulation in the extratropical troposphere [which is referred to as the extratropical Hadley cell (EHC) in Cai and Shin (2014) ], and the Brewer-Dobson circulation (BDC) in the stratosphere (Dobson et al. 1929; Brewer 1949) . Linear regressions of DJF-mean mass streamfunction anomalies (Fig. 6a) against the DJF-mean polar Ps anomalies suggest that the interannual variability of DJF-mean polar Ps and the intensity of meridional mass circulation in the extratropics are positively correlated, as indicated by a hemispheric anomalous clockwise circulation above 350 K and an anomalous clockwise circulation in the extratropics below 350 K with larger values in winters when polar Ps anomalies are positive. Specifically, the significantly positive meridional mass flux anomalies over the extratropics in layers between 350 and 450 K and layers between 290 and 330 K in (Fig. 6b) indicate the strengthening of the poleward branch. Weak mass flux anomalies around 330 K coincide well with small values of climatological-mean mass fluxes in this layer (Fig. 5b) , which seems to be the boundary between the poleward branch of the BDC and that of the EHC. The stronger poleward mass transport into the polar cap is accompanied with a stronger downward mass transport via diabatic cooling processes (Fig. 6c) , bringing more air from the polar stratosphere and upper troposphere to the lower troposphere below. The strengthened mass fluxes into the lower troposphere feed a strengthening of the equatorward branch in the lower troposphere (Fig. 6b) , transporting more mass out of the Arctic region. In short, among winters with positive polar Ps anomalies, meridional mass flux anomalies into the polar region are mostly positive above 315 K, positive in 290-315 K, and negative in 260-290 K, respectively indicating the intensified poleward branch of the BDC, poleward branch of the EHC, and equatorward branch in lower levels. This is consistent with the vertical structure of mass anomalies associated with polar Ps anomalies reported in the previous section, and the more robust out-of-phase relation of mass anomalies between the layer above 315 K and that at 260-290 K found in the previous section seemingly implies a more robust relation between yearly variations of the stratospheric poleward branch and the equatorward branch in the lower troposphere in winter.
b. Attribution of winter-mean polar Ps anomalies to interannual variations of timing and intensity of mass transport into and out of the polar region
According to the previous section, the meridional mass circulation is significantly intensified (weakened) in the extratropics in winters with positive (negative) winter-mean polar Ps anomalies as evident from simultaneous intensifications of the poleward branch in upper layers, diabatic downward mass transport, and the equatorward branch in lower layers. Next, we will conduct a mass budget analysis over the winter polar region to quantitatively examine how interannual variations of winter-mean polar Ps anomalies are related to interannual variations of the meridional mass circulation in the extratropics in winter seasons. Note that the winter mean of mass transport anomalies into the polar atmospheric column is directly related to the wintermean tendency of polar Ps anomalies, instead of wintermean Ps anomalies. To account for winter-mean Ps anomalies, we need to know the temporal distribution of daily mass transport anomalies into and out of the polar region in the winter season and the total-column mass anomalies at the beginning day of the winter. For winter-mean mass anomalies in individual layers, the temporal distribution of daily mass anomalies into and out of individual layers diabatically is also needed, even though it does not contribute to surface pressure anomalies.
To evaluate contributions to winter-mean polar Ps anomalies from circulation anomalies in individual layers, our mass budget analysis is conducted for the four layers aforementioned, namely above 315, 290-315, 260-290, and below 260 K, representing the poleward branch in the stratosphere and upper troposphere, the equatorward branch in the lower troposphere, and the layer near the surface. Based on the mass budget equation, the mass anomaly over the polar region at time t in layer k (one of the four layers), denoted M 0 (k, t), is determined from
where M 0 (k, t 0 ) is the mass anomaly at t 0 (t 0 , t) in the same layer k over the polar region and 
Applying Eq. (9) to daily data (i.e., dt 5 dt 5 1 day), we have
. (10) For the DJF mean, t 0 corresponds to 30 November and t N corresponds to 28 February, and N 5 90. The monthly contributions to the DJF-mean polar layer mass anomalies are
where
correspond to contributions to the DJF-mean mass anomaly from the net anomalous mass brought to the layer k by adiabatic transport (with the subscript A) and diabatic transport (with the subscript D) in the months of December, January, and February, respectively. Displayed in Fig. 7 are the results obtained from Eq. (11) after applying regression against DJF-mean polar Ps anomalies. In winters when winter-mean polar Ps anomalies are positive, more mass is brought into the polar region in the layers above 290 K by the poleward branch and more mass is brought out in the layers below 290 K by the equatorward branch from December to February and vice versa. In winters with positive (negative) winter-mean polar Ps anomalies, the peak of the strengthening (weakening) of the stratospheric poleward branch (above 315 K) occurs in December, 1 month earlier than the peak of the strengthening (weakening) of the poleward branch in the upper troposphere (290-315 K) and the equatorward branch in the lower troposphere (260-290 K). Contributions from anomalous mass changes due to diabatic processes tend to be out of phase with adiabatic contributions in all layers. The net contribution to the DJF-mean mass anomalies in the layer above 315 K over the polar cap is dominated by the adiabatic component in December but these two processes tend to totally offset in January and February. Therefore, the positive winter-mean mass anomalies above 315 K (0.95 3 10 15 kg) in a winter of positive polar Ps anomalies are mostly (91.6%) due to anomalous mass transported by the poleward mass circulation into the polar stratosphere in December. The anomalies (6.19 3 10 15 kg) due to cross-isentropic mass transport from upper layers to the 290-315-K layer in winter by diabatic cooling in the stratosphere contribute positively to mass anomalies in layers below. The strengthening of the poleward mass transport in the 290-315-K layer also contributes mass anomalies there positively. The sum of the mass influx anomalies from these two components exceeds anomalous mass brought down to the layer below via diabatic cooling in December and January, which is responsible for the positive correlation between winter-mean mass anomalies in the 290-315-K layer and winter-mean polar Ps anomalies. Mass anomalies brought out of the polar region by the companion equatorward mass transport in the 260-290-K layer is greater than mass anomalies brought down via diabatic cooling from the poleward branch in December and January. This, together with the upwelling of the lower isentropic surface (i.e., downward mass transport crossing the 260-K surface via diabatic cooling) in December, contributes to the negative mass anomalies in the 260-290-K layer associated with positive winter-mean polar Ps anomalies. Anomalous mass changes associated with elevation changes of the lower isentropic surface, as indicated by positive mass anomalies transported from the 260-290-K layer in December and February, account for the positive correlation in the layer next to the surface in early winter, although it is not statistically significant.
The DJF-mean total-column mass anomaly over the polar region (or polar Ps anomalies) is attributed from mass anomalies transported into and/or out of the polar region in the total column. The vertical summation of Eq. (11) over all layers yields
The regression of DJF-mean total-column mass anomalies over the polar region obtained from Eq. (13) against DJF-mean polar Ps anomalies is 1.041 3 10 15 kg (or about 2.85 hPa in terms of mean Ps anomaly) as shown in Fig. 7 , very close to the standard deviation of interannual variability of the DJF-mean polar Ps anomalies (1.03 3 10 15 kg or 2.83 hPa). About 48% (0.501 3 10 15 kg) of the DJF-mean total-column mass anomalies, on average, is brought into the polar column by anomalous meridional mass circulation in DJF and the remaining 52% (0.54 3 10 15 kg) corresponds to the total mass anomalies that have been inside the polar region before December begins (30 November). Mass anomalies on 30 November equal the sum of total mass anomalies transported in during November (0.57 3 10 15 kg, indicated in the leftmost column in Fig. 7 ) and the small column mass anomaly on 31 October (20.03 3 10 15 kg). In November and December, mass anomalies transported into the polar column by the poleward branch are greater than mass anomalies transported out by the equatorward branch, contributing 1.43 3 10 15 kg to positive polar Ps anomalies in the DJF mean. It is noteworthy that mass anomalies transported in by the stratospheric poleward branch are nearly as large as those by the poleward branch in the upper troposphere despite the fact that more mass resides in the upper troposphere than in the stratosphere. This again suggests that besides the contribution from the anomalous FIG. 7 . Regressions of contributions to (column 6) yearly DJF-mean mass anomalies from mass anomalies on (column 2) 30 November, and mass anomalies brought by meridional or adiabatic mass flux (numbers above horizontal arrows) and cross-isentropic or diabatic mass flux (numbers inside hatched boxes) in individual layers above the Arctic in the months of (column 3) December, (column 4) January, and (column 5 poleward branch in the upper troposphere to the interannual variability of winter-mean polar Ps anomalies, the contribution from the anomalous poleward branch in the stratosphere is also important. In January when the year-to-year variability of the meridional circulation in the extratropical troposphere is strongest, mass anomalies transported out by the equatorward branch become greater than mass anomalies transported in by the poleward branch, contributing negatively to polar Ps anomalies in DJF. In February, mass anomalies transported out by the equatorward branch are nearly as large as those transported in by the poleward branch, contributing little to polar Ps anomalies in DJF. Therefore, DJF-mean polar Ps anomalies are mainly contributed from anomalous mass transport into the upper polar region by the poleward branch above 290 K in earlier winter months from November to December. The polar mass accumulation in November and December and the polar mass depletion in January seem to suggest that the strengthening or weakening of the poleward branch in the upper levels leads that of the equatorward branch in lower levels.
Interannual variability of wave activities in the extratropics
Planetary wave activities in the stratosphere play an important role in the stratosphere-troposphere coupling by affecting the tropospheric circulations (e.g., Holton et al. 1995; Kuroda and Kodera 1999; Hartley et al. 1998; Ambaum and Hoskins 2002; Black 2002) . As mentioned in the introduction, the meridional mass circulation in the extratropics is driven by baroclinically amplifying waves [referred to as the geostrophic component of the meridional mass transport in Townsend and Johnson (1985) and Johnson (1989) ], in contrast with that in the tropics, which is driven mainly by the ageostrophic component with little presence of waves. Therefore, it is expected that there would be presence of largeamplitude waves when the meridional mass circulation over the polar region is stronger and vice versa.
In the previous section, we presented the evidence indicating that the stronger meridional mass circulation in winter extratropics leads to positive winter-mean polar Ps anomalies and vice versa. In this section, we wish to link the interannual variability of meridional mass circulation to anomalous wave amplitudes in the extratropical stratosphere in winter seasons. Following Zhang et al. (2013) , we calculated the wave amplitude index (WAI) from the total geopotential height fields z (without removing the climatological annual cycle) at each latitude f, pressure level p, and time t according to
where the overbar with superscript l denotes the zonal mean operator over the entire latitude circle at the latitude f. The anomaly field of WAI is obtained by removing its climatological annual cycle. Positive anomalies of WAI represent higher zonal asymmetry of the geopotential height field or larger wave amplitude, and vice versa. Figure 8 shows regressions of monthly-mean anomalies of WAI at 100, 50, 20, 10, and 1 hPa in months from September to March against DJF-mean polar Ps anomalies. It is seen that in a winter when DJF-mean polar Ps anomalies are positive (negative), anomalous large (small) amplitude of waves emerges as early as October and continues to grow (weaken) in November and December. This is in a good agreement with the timing of strengthening (weakening) of meridional mass circulation in extratropics as shown in Figs. 6 and 7. Figure 8 also shows that WAI anomalies appear to originate first from midlatitudes and propagate poleward. Meanwhile WAI anomalies at upper levels tend to reach the Arctic earlier than those at lower levels, exhibiting a poleward and downward propagation. This is in accordance with the poleward-and downwardpropagating signals in the convergence of anomalous Eliassen-Palm (E-P) flux (e.g., Kuroda and Kodera 1999) .
Since variations of wave activities in the stratosphere are mainly from wavenumbers 1 and 2, we have obtained the WAI of wavenumbers 1 and 2 by substituting the total geopotential height z in Eq. (9) with components of wavenumbers 1 and 2, respectively. Regressions of monthly-mean WAI anomalies of these two dominant wave components (Figs. 9 and 10) against the DJF-mean polar Ps anomalies show that WAI anomalies of wavenumbers 1 and 2 in the stratosphere are both positively correlated with winter-mean polar Ps anomalies. WAI anomalies of wavenumber 1 associated with polar Ps anomalies are 3 times as large as those of wavenumber 2 and make a dominant contribution to WAI anomalies of total wave activities.
Concluding remarks
We have quantitatively examined the interannual variability of surface pressure (Ps) over the Arctic in winter seasons and its attributions from the meridional mass circulation variability using the ERA-Interim data from 1979 to 2011. Results show that the interannual variability of winter-mean polar Ps is positively correlated SEPTEMBER 2014 Y U E T A L .
with air mass changes in upper troposphere and stratosphere (above 290 K) but negatively correlated with those in the middle and lower troposphere (260-290 K). It is also positively correlated with air mass changes near the surface (below 260 K), but the correlation is not as significant as that for the layers above. Such vertical structure of layer mass anomalies associated with polar Ps anomalies explains why mass changes in the polar stratosphere contribute greatly to the year-to-year variability of the winter polar Ps, as indicated by the slightly larger year-toyear variability of the winter stratospheric air mass (above 315 K) compared with the winter tropospheric air mass. The interannual variability of polar Ps in winter is intimately related to the interannual variability of meridional mass circulation in the extratropics. Regressions of winter-mean adiabatic and diabatic mass fluxes against polar Ps anomalies show significant intensification of meridional mass circulation in the extratropics associated with positive polar Ps anomalies as evident from simultaneously intensifications of the poleward branch in upper layers, the diabatic downward mass transport, and the equatorward branch in lower layers. Our mass budget analysis reveals that higher winter-mean polar Ps are mainly attributed to the anomalous mass brought into the polar region by the poleward branch in upper layers, which overwhelms the anomalous mass transported out in lower layers by the equatorward branch in earlier winter months November and December. In January, mass anomalies transported out by the equatorward branch become greater than mass anomalies transported in by the poleward branch, contributing negatively to polar Ps anomalies in DJF. For DJF-mean mass anomalies in each isentropic layer, contributions from the anomalous mass brought into and/or out of the polar region tend to be partly canceled by mass changes due to anomalous diabatic cooling, but the sign of the net mass contribution in individual layers is determined by the meridional mass transport in most cases during December and January when the net mass changes contribute positively to DJF-mean mass anomalies associated with polar Ps anomalies.
Although such mass budget attribution does not necessarily lead to a causal relationship, it provides quantitative attribution of interannual variations of winter-mean polar Ps anomalies and layer mass anomalies to the intensity and timing of anomalous mass transport by the meridional mass circulation in winter. This also helps to gain a better understanding of the coupling mechanism of stratospheric mass-temperature anomalies and the surface pressure-temperature anomalies via variability of the global meridional mass circulation. In the upper atmosphere, anomalous mass brought by poleward warm-air branch tends to exceed the anomalous mass brought down by diabatic cooling, leading to positive mass anomalies in upper levels when the meridional circulation is stronger or to negative mass anomalies for a weaker meridional mass circulation. This corresponds to an anomalous warm high in the upper polar atmosphere when polar Ps anomalies are positive (Fig. 11) . Meanwhile, a higher winter-mean polar Ps, which is due to more mass transported into the polar column by a stronger poleward branch than mass transported out in earlier winter, tends to accompany negative polar temperature anomalies at lower levels, although they are not statistically significant (Fig. 11) . It follows that at interannual time scales, the polar atmosphere also exhibits a seemingly equivalent barotropic structure, namely a warm high anomaly in the upper atmosphere above a cold high anomaly at the surface or cold low anomaly in the upper atmosphere above a warm high anomaly at the surface, as in the case of intraseasonal variability (e.g., Cai and Ren 2007) .
Our study also shows that the interannual variability of the meridional mass circulation intensity in winter seasons coincides well with that of planetary wave activities (particularly both wavenumbers 1 and 2) in the extratropics. This establishes that it is year-to-year variations of wave activities that drive year-to-year variations of meridional mass circulation in the extratropics, contributing to year-to-year variations of winter-mean polar Ps anomalies. Many studies have demonstrated that the variability of wave activities in the extratropical stratosphere, variations of polar night jet, and variability of polar Ps are all interrelated (e.g., Hartmann 1983; Baldwin et al. 2007; Kuroda and Kodera 2004) . It is expected that the interannual variability of meridional mass circulation should also link to interannual variations of polar night jet via its companion momentum transport and pressure torque, which needs to be explored in future work. Y U E T A L .
